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a b s t r a c t
The paper discusses the convective heat transfer prediction in turbulent axisymmetric jets
impinging onto a flat plate using the k–ω model of Wilcox (2006) [14]. Improvements to
the heat transfer predictions are obtained in flow regions characterized by large level of
strain using an impingement invariant proposed by Manceau (2003) [19]. The Manceau
term is carefully introduced in order to leave the k–ω model predictions unmodified for
reference flows. This is obtained using a blending function of Menter (1994) [12]. As an
alternative, a modification based on the von Karman length scale is also discussed. Both
modifications do not lead to stability problems in flow regions characterized by large levels
of strain, preserving the robustness of the k–ω model. Improvements have been obtained
for convective heat transfer prediction in stagnation flow regions of axisymmetric jets
impinging onto a flat plate with nozzle-plate distances H/D = 2, 6, 10 and Reynolds
numbers Re = 23000, 70000.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Impinging jets are commonly used in industrial and laboratory applications due to high heat transfer coefficients which
can be achieved in stagnation flow regions. In industry, impinging jets are frequently applied in processes such as cooling of
turbine blades or tempering of glass. Hollworth and Durbin [1] investigated the performance of impinging jets in cooling of
electronics. Roy et al. [2] studied air jets impinging on the glasswindshield of a vehicle, both experimentally and numerically.
In the study of anodizing processes, the wall–jet electrode reactor is quite often employed (with the electrolyte impinging
perpendicularly to the electrode). With this configuration a non-uniform heat transfer can be achieved over the electrode,
which impacts the local anodic film thickness [3].
The impinging jet flow is a challenging test case for RANS models. Therefore it is frequently used for their validation. In
the present work, the experimental data of Cooper et al. [4] are taken in order to compare themeasured and predictedmean
and fluctuating velocity profiles. The predicted Nusselt number profiles are compared to experimental data of Baughn and
Shimizu [5], Baughn et al. [6], Yan et al. [7] and Lytle and Webb [8]. The k–ω model of Wilcox is employed combined with
modifications meant to improve the heat transfer prediction in stagnation flow regions.
Among many eddy-viscosity models, the k–ω model of Wilcox has received great interest because of its usefulness in
resolving turbulent flows near walls without requirement of wall damping functions. The reason for this favorable behavior
is that ‘extra dissipation’ is produced near walls compared to the standard k– model as a result of the so-called cross-
diffusion term [9]. The cross-diffusion term appears by writing the k–ωmodel in the k– formulation. As mentioned in [9],
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the near-wall behavior of the k– model is not correct. This is due to insufficient suppression of turbulent mixing by the
standard k– model in wall proximity. In order to avoid this shortcoming near-wall damping functions are introduced.
This is in contrast to the k–ω model where an addition of damping functions is not necessary. As stressed in [10,11], the
k–ωmodel is superior compared to the k– model in treatment of the viscous near-wall region as well as in accounting for
the effect of an adverse pressure gradient. Although, this inherent property of the k–ωmodel poses advantages in resolving
attached boundary layer flows andmildly separated flows, the accuracy of the earlier versions of the k–ωmodel was flawed
by their sensitivity to the boundary conditions for theω variable at the far-field boundaries, leading to ambiguous results in
prediction of free shear flows [12]. Menter [10,12] succeeded in resolving the free-stream dependency of the k–ωmodel by
blending the standard k–ω model with the standard k– model (transformed to the k–ω formulation). In [10] a blending
function has been applied in order to recover the standard k–ω model close to the walls and switch gradually to the
k– model in the outer part of the boundary layer. As shown in [13,14], a similar effect can be obtained by introducing the
cross-diffusion term away from walls and simply switching the cross-diffusion term off when it becomes negative (close to
walls). Such an approach has been considered in [15] in the construction of the TNTmodel. Bredberg et al. [16] introduced the
cross-diffusion term in theω-equation in suchway that it is also active close towalls. As a result, theirmodified k–ωmodel is
similar to the k–model (written in the k–ω formulation). A damping function is introduced in the definition of the turbulent
viscosity which is similar to what is typically done in k– models.
In addition to inclusion of a cross-diffusion term in the ω-equation, a stress limiter is applied in the new k–ω model in
order to reduce overprediction of the turbulent stress in flow regions characterized by large rates of strain, as in stagnation
flow regions [14]. A Similar stress limiter has been previously implemented in the SST model of Menter [10,12]. Also
Durbin [17] derived a stress limiter by a bound on the turbulent time scale from ‘realizability constraints’. Heat transfer
results of axisymmetric turbulent impinging jet flow with the v2 − f model of Durbin have been presented in [18].
The objective of the present work is to improve stagnation point heat transfer predictions with a minimum amount of
complexity added to the underlying turbulence model. In the present paper, the discussion of the modifications leading to
improved convective heat transfer predictions is limited to axisymmetric jets impinging onto a flat plate. The discussion of
plane impinging jets is left for futurework. A firstmodification is based on the impingement term ofManceau [19]. The other
variant is based on adding a length scale correction as proposed in [14]. In the first modification, only one free coefficient
has been introduced (tuned for one of the considered test cases) and a blending function of Menter has been applied. The
other modification involves the von Karman length scale, namely lµ = (β?)−3/4κy = 2.5y [11] (where β? = 0.09, κ = 0.41
is the von Karman constant and y denotes the distance normal to the wall) in order to correct the turbulent length scale
in the near-wall region. The proposed modification based on inclusion of the impingement term has been designed such
that results of simulations of free shear flows, channel and pipe flows and the flow over a backward facing step are not
changed compared to the original k–ω model results. This is crucial since the model coefficients and the constants in the
auxiliary relations have been calibrated for these flows. The modification based on the von Karman length scale can only be
used in a limited number of flows such as axisymmetric impinging jets, since some results of reference flows for turbulence
models are changed by adding this modification. The two studied variants lead to improvement of the predictions of the
heat transfer in the impingement zone. The effect is less away from the core of the impingement zone.
2. Mathematical formulation
2.1. Mean momentum, energy and turbulence model equations
For an incompressible fluid, the Reynolds-averaged continuity, momentum and energy equations can be written as
∂Ui
∂xi
= 0 (1)
∂(ρUi)
∂t
+ Uj ∂(ρUi)
∂xj
= − ∂P
∂xi
+ ∂
∂xj
(
2µSij − ρu′iu′j
)
(2)
∂(ρT )
∂t
+ Ui ∂(ρT )
∂xi
= ∂
∂xi
(
λ
cp
∂T
∂xi
− ρu′iϑ ′
)
(3)
where ρ is the fluid density,µ is themolecular viscosity, P is themean pressure, T is themean temperature, λ is the thermal
conductivity, cp is the specific heat at constant pressure. The vector and tensor components are: Uj of the mean velocity
vector, Sij of the rate of strain tensor,−ρu′iu′j = τij of the Reynolds stress tensor and−ρu′iϑ ′ of the turbulent heat flux.
The Boussinesq relation is assumed between the Reynolds stress tensor and the rate of strain tensor
− ρu′iu′j = τij = 2ρνtSij −
2
3
ρkδij (4)
where the turbulent viscosity is determined by [14]
νt = k
ω˜
, ω˜ = max
{
ω, Clim
√
2SijSij/β∗
}
. (5)
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The turbulent kinetic energy k and the specific dissipation rate ω in Eq. (5) are determined by solution of the following
transport equations
D(ρk)
Dt
= τij ∂Ui
∂xj
− β∗ρkω + ∂
∂xj
[(
µ+ σ ∗ρ k
ω
)
∂k
∂xj
]
(6)
D(ρω)
Dt
= αω
k
τij
∂Ui
∂xj
− βρω2 + ρ σd
ω
∂k
∂xj
∂ω
∂xj
+ ∂
∂xj
[(
µ+ σρ k
ω
)
∂ω
∂xj
]
(7)
where D(·)/Dt = ∂(·)/∂t + Uj∂(·)/∂xj denotes the Lagrangian derivative. Notice that ω = /(β∗k) can be seen as the
reciprocal of the turbulent time scale at which dissipation of turbulent kinetic energy takes place [14].
The model coefficients are
α = 0.52, β = β0fβ , β∗ = 0.09, σ = 0.5, σ ∗ = 0.6, σd0 = 0.125, Clim = 7/8 (8)
β0 = 0.0708, fβ = 1+ 85χω1+ 100χω , χω ≡
∣∣∣∣ΩijΩjkSki(β∗ω)3
∣∣∣∣ (9)
where
σd =

0 for
∂k
∂xj
∂ω
∂xj
≤ 0
σd0 for
∂k
∂xj
∂ω
∂xj
> 0
(10)
andΩij and Sij are defined by
Ωij = 12
(
∂Ui
∂xj
− ∂Uj
∂xi
)
, Sij = 12
(
∂Ui
∂xj
+ ∂Uj
∂xi
)
. (11)
One should note that a stress limiter is introduced in Eq. (5) and that the sensitivity of the original k–ω model to the
free-stream values is limited by addition of the cross-diffusion term in the ω-equation (third term on the right hand side of
Eq. (7)). The cross-diffusion term is only active away from walls (where the term ∂k/∂xj∂ω/∂xj takes positive values, see
Eq. (10)) while in the near-wall region the unmodified k–ωmodel is used (negative values of ∂k/∂xj∂ω/∂xj).
The turbulent heat flux in Eq. (3) is modelled assuming the gradient-diffusion hypothesis
ρu′iϑ ′ = −
µt
Prt
∂T
∂xi
(12)
where Prt = 0.85.
At no-slip walls, the following boundary conditions have been applied for k and ω [12]
k = 0, ω = 10 6ν
β0(1y)2
(13)
where ν is the kinematic viscosity and1y is the distance of the first point to the wall.
2.2. Proposed modifications
Although the stress limiter introduced in the definition of the turbulent viscosity (Eq. (5)) reduces the spontaneous
overproduction of turbulent kinetic energy in stagnation flow regions, in most applications some overproduction remains.
Two remedies are proposed here in order to correct the k–ω model predictions in stagnation flow regions. The first
modification is based on introducing an impingement function in Eq. (5):
νt = k
ω˜
, ω˜ = max
{
ω, ClimFimp
√
2SijSij
β∗
}
. (14)
The impingement function Fimp is defined by
Fimp = 1+ AimpF1Pnorm, (15)
Pnorm = 32
[min(P, 0)]2
η2
, P = {SM}, η =
√
{S2}, (16)
where {·} denotes the trace of the tensor. S is the rate of strain tensor and the components of the tensor M are Mij =
ninj − 1/3δij, where ni is the ith component of the unit vector normal to the wall. This unit vector also has to be defined in
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the interior of the flow. A limiter of this type, as first suggested in [19] for an algebraic stress model, was also found to be
very efficient for the k– model in [20].
The value of the constant Aimp in Eq. (15) was set to Aimp = 2.0 by tuning it for one of the test cases in order to obtain
good agreementwith the experimental value of the Nusselt number in the stagnation flow region. F1 is the blending function
proposed in [12].
The value of the Manceau term P2/η2 [19] (Eq. (16)) is equal to 2/3 in axisymmetric impingement flow regions,
approximately equal to 1/2 for impinging 2D flows and it is zero for boundary layer and channel flows, but it is not guaranteed
that the Manceau term will be exactly zero in other flows (e.g. separated shear layer or free shear flows). The Manceau
term P2/η2 is multiplying it by the factor 3/2 in Eq. (16) in order to impose Pnorm = 1 in axisymmetric impingement flow
regions. Since the proposed modification should not change the k–ω model predictions for flows involving separation and
reattachment of a boundary layer as well as for free shear flows, the term Pnorm in Eq. (15) is multiplied by Menter’s F1
function in order to ensure that the limiter is only active close to the wall.
As a second modification, a correction to the length scale is studied as proposed in [14] defining the turbulent viscosity
by
νt = β
∗√klt
max
[
1,
(
Clim
√
2SijSij
β∗
)/
ω
] (17)
where lt in Eq. (17) is the turbulent length scale which is defined by
lt = min
(
lµ,
√
k
β∗ω
)
, lµ = 2.5y (18)
where y is the normal distance to the wall. Note that Eq. (17) reduces to Eq. (5) if lt =
√
k/(β∗ω) in Eq. (18). In stagnation
flow regions, the turbulent length scale is overpredicted by the k–ωmodel, so that Eq. (18) limits the turbulent viscosity.
3. Results
Results are presented for simulation of an axisymmetric jet impinging onto a flat plate. In order to perform a critical
evaluation of the proposed modifications, the following flows have been also analyzed: plane and axisymmetric jet flows,
pipe and channel flows and flow over a backward facing step. Themodification based on the impingement function does not
change the k–ω results for free shear flows, pipe and 2D channel flows. We analyze here the influence of the modifications
on the predicted mean velocity profile for free axisymmetric jet simulation as well as on the skin friction coefficient for the
flow over a backward facing step.
For the 2D and axisymmetric jet flow simulations (free/impinging onto a flat plate) fully developed profileswere specified
at the inlet to the computational domain (separately computed assuming periodic boundary conditions). The inlet boundary
was specified one nozzle width/diameter upstream of the jet exit. For simulation of the fully developed turbulent pipe flow
and the 2D channel flow the Reynolds numbers were specified at ReD = 40000, ReH = 13750, respectively (the Reynolds
number is based on the average velocity and on pipe diameter or channel height). For the flow past a backward facing step
the inlet boundary conditions have been obtained from a precursor simulation of a developing 2D channel flow. The mean
velocity and the turbulent quantities (k andω) have been taken from the section where the predicted momentum thickness
θ was equal to the experimentally measured value Reθ = 5000 [21].
All computations have been preformed with the Fluent code ver. 6.2.16. The second order upwind scheme was applied
for approximation of the convective terms in the momentum, energy, k- and ω-equations. The SIMPLE algorithm was used
for pressure–velocity coupling. In all simulations structured grids have been applied. y+ was less than 3 at all walls while for
simulation of the axisymmetric jet flows impinging onto a flat plate y+ < 0.5 at the impingement plate. The computations
have been performed on different grids in order to ensure that grid independent solutions have been obtained.
3.1. Impinging jets
Fig. 1 shows contour plots of turbulent to molecular viscosity ratio close to the impingement point region using (a) the
k–ω model, (b) the k–ω model together with the impingement function (Eq. (14)) and (c) the k–ω model together with the
length scale correction (Eq. (17)) for H/D = 2 and Re = 23000. As mentioned previously, the stress limiter which is already
present in the k–ω model limits overprediction of the turbulent length scale in the stagnation flow region (Fig. 1(a)) which
can be recognized by a relatively low level of νt/ν ≈ 10–20. As shown in Fig. 1(b) the impingement function provides higher
damping of the turbulent kinetic energy than using the pure k–ωmodel. Using the length scale correction (Fig. 1(c)) results
in reduced values of νt/ν at X/R > 1.8. It should be remarked that both proposed modifications do not change the pure
k–ω results in the flow regions away from the impingement zone.
Fig. 2 shows the predicted and measured velocity magnitudes and fluctuating velocity components (parallel and normal
to thewall) at different radial positions from the symmetry axis (along lines perpendicular to the impingement plate) for the
nozzle-plate distanceH/D = 2 and Re = 23000. Since an isotropic turbulencemodel is applied here, the fluctuating velocity
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a b c
Fig. 1. Contour plots of turbulent to molecular viscosity ratio close to the impingement point region using (a) k–ωmodel (b) k–ωmodel together with the
impingement function and (c) k–ωmodel together with the length scale correction for H/D = 2 and Re = 23000.
components have been computed by u′ = v′ = √2/3k. The data are normalized by the bulk velocity Ub at the jet exit and
they are plotted as a function of the dimensionless distance from thewall (H−x)/D, wereH is the nozzle-plate distance andD
is the nozzle diameter. The predictedmean and fluctuating velocity profiles are compared to the experimental data of Cooper
et al. [4]. The solid lines represent the k–ω results, the dashed lines represent the results obtained using the k–ω model
together with the modification based on the Manceau term (Eq. (14)) and the dashed–dotted lines represent the results
obtained using the k–ω model together with the modification based on the von Karman length scale (Eq. (17)). Both mean
and fluctuating velocity profiles are well predicted close to the impingement point region (R/D = 0.5) using the k–ωmodel
(Fig. 2(a), (c) and (e)). This is a consequence of limiting the turbulent stress in the stagnation flow region by the stress limiter.
However, there is a slight overestimation of the turbulent kinetic energy near thewall. This overestimation is reduced by the
proposed modifications. At the distance R/D = 1 (Fig. 2(b), (d) and (f)) the predicted fluctuating velocity components fall
between the experimentallymeasured values of u′/Ub and v′/Ub for (H−x)/D < 0.2. Again, the slight overestimation of the
turbulent kinetic energy is reduced by the proposedmodifications. Good agreement between predictions andmeasurements
has been also obtained at larger distances from the symmetry axis and in the other test cases analyzed (assuming different
values of the Reynolds number Re = 23000, 70000 and different nozzle-plate distances H/D = 2, 6).
Onemay askwhether reducing the turbulent kinetic energy in the near-wall region (say at (H−x)/D < 0.1, Fig. 2(c)–(f))
can be considered as a real improvement to the k–ω model. As mentioned in [22] the wall normal fluctuating velocity
components are more relevant to the heat transfer at the solid walls. Therefore it is very important to mimic this behavior
in order to improve the heat transfer predictions in the stagnation flow region.
Fig. 3(a) shows the predicted heat transfer rates along the impingement plate obtained using the k–ω model (solid
lines), applying the k–ω model together with the proposed modification based on impingement function (dashed lines)
and applying the k–ωmodel together with the proposedmodification based on von Karman length scale (dash-dotted lines)
for H/D = 2, Re = 23000. The dashed double-dotted line (Dt = 0) depicts the Nusselt number obtained for the turbulent
flow simulation using the k–ωmodel and setting to zero the turbulent diffusivity in the energy equation. The predicted heat
transfer rates are compared to the experimental data of Baughn and Shimizu [5], Baughn et al. [6], Yan et al. [7] and Lytle
and Webb [8]. Application of the impingement detector (Eq. (14)) damps the turbulent kinetic energy in the stagnation
flow region giving better correspondence between predictions and experiments than using the standard k–ω model. The
length scale correction based on the von Karman length scale (Eq. (17)) gives almost the same value of stagnation point
Nusselt number as using the impingement detector. Both modifications are inactive very close to the wall and the predicted
heat transfer rates are slightly higher than the heat transfer rates determined by setting to zero the turbulent diffusivity
in the energy equation. This is due to the fact that the Manceau term (P2/η2) is zero inside most of the boundary layer.
Similarly, the length scale correction is inactive close to the wall due to the large value of ω in Eq. (13). Away from the wall,
the Manceau term becomes active (Fimp > 1 in Eq. (15)) reducing anomalous overprediction of turbulent kinetic energy
in the stagnation flow regions. Similarly, for the second proposed modification, the length scale lµ becomes smaller than√
k/(β∗ω) suppressing the turbulent kinetic energy production in the stagnation flow region. At larger distances from the
wall the value of lµ (Eq. (18)) becomes large and the turbulent viscosity is again provided by the turbulence model. The
asymptotic behavior of the predicted profiles of the Nusselt number at larger distances from the symmetry axis (R/D >3,
Fig. 3(a)) is not well reproduced by the k–ω model. The same conclusion can be drawn from work of Jarmaillo et al. [23]
where a previous version of the k–ωmodel [24] has been applied for simulation of axisymmetric and plane impinging jets.
For cases with moderate Reynolds number (Re = 23000), the k–ω model has a tendency to underpredict turbulent kinetic
energy in the wall jet region at larger distances from the symmetry axis. As shown in Fig. 3(b) (H/D = 2, Re = 70000) the
stagnationNusselt number is better predicted using the impingement detector than applying the length scale correction. The
secondary peak in theNusselt number distribution iswell recovered using bothmodifications. The dip in theNusselt number
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Fig. 2. Profiles of velocity magnitude (top) and fluctuating velocity components (parallel to the wall – middle, normal to the wall – bottom) at the distance
R/D = 0.5 (a,c and e), and R/D = 1 (b,d and f) from the symmetry axis for H/D = 2, Re = 23000.
distribution at R/D = 1 is not well reproduced. Fig. 3(c) shows the heat transfer rates predicted for H/D = 6, Re = 23000.
Note the quite large difference in the measured heat transfer rates. For this case, the stagnation point Nusselt number is
slightly underpredicted using the impingement detector and it is well predicted using the length scale correction. For higher
Reynolds number flow (H/D = 6, Re = 70000), shown in Fig. 3(d), the stagnation point Nusselt number is again well
predicted with both modifications but the predicted heat transfer rates are still too high at 1 < R/D < 3. An improvement
in the prediction of the stagnation point Nusselt number is also obtained for the nozzle-plate distance H/D = 10 and
Re = 23000 (Fig. 3(e)).
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Fig. 3. Nusselt number distribution along a flat plate for (a). H/D = 2, Re = 23000, (b). H/D = 2, Re = 70000, (c). H/D = 6, Re = 23000, (d).
H/D = 6, Re = 70000, (e). H/D = 10, Re = 23000. Dt = 0 denotes the Nusselt number obtained for the turbulent flow simulation using the k–ω model
but setting to zero the turbulent diffusivity in the energy equation.
3.2. Free jet flow and flow over a backward facing step
Fig. 4(a), shows the profile of themean velocity (normalized by velocity at the jet axis) along y/x (where y- and x- denote
the radial and axial coordinates, respectively) at distance x/D = 5 from the jet exit for simulation of a free axisymmetric jet
flow using the k–ωmodel and applying the modifications. The results are not modified with the added modifications to the
k–ωmodel.
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Fig. 4. (a) Predicted mean velocity profiles for simulation of the axisymmetric jet flow at distance X/D = 5 from the jet exit (b) computed and measured
skin friction coefficient for the flow over a backward facing step, Reθ = 5000.
Fig. 4(b), shows the predicted skin friction coefficient cf using the k–ω model and applying the modifications for a
backward facing step. The results of the simulation are compared with the experimental data of Driver and Seegmiller [25].
The k–ω model predicts the reattachment at 6.88 step heights downstream of the step. The same result is obtained with
the k–ω model and the modification based on the impingement detector. This is within 10% of the measured value 6.26H
(where H is the step height). Since the Manceau term in Eq. (15) is zero in simple shear flows, the limiter is only active right
after the corner. Menter’s F1 function in Eq. (15) bounds the limiter to be active close to the wall and the function Fimp goes
gradually to unity in the separated flow region. Application of the length scale correction based on the von Karman length
scale gives a reattachment at 7.2H which is 15% larger than themeasured value. This cannot be accepted since the predicted
length of the separation bubble becomes too large compared to the value experimentally measured and predicted by the
k–ωmodel. Furthermore, the predicted values of cf are also modified downstream of the step.
4. Summary
Improved stagnation point heat transfer predictions have been obtained for simulation of axisymmetric jet flows
impinging onto a flat plate with modifications of the k–ω model based on an impingement detector and on a length scale
correction. Verification of the added modifications has been demonstrated for free shear flow and the flow over a backward
facing step. The analysis showed that only the impingement detector based on the invariant of Manceau can be considered
as a more general formulation in order to improve heat transfer predictions in stagnation flow regions, so this modification
is recommended. The length scale correction based on the von Karman length can only be used in a limited number of flows
such as axisymmetric jet flows impinging onto a flat plate, so it is not recommended.
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